Adolescence is a critical developmental period during which most adult smokers initiate their habit. Adolescents are more vulnerable than adults to nicotine's long-term effects on addictive and cognitive behavior. We investigated whether adolescent nicotine exposure in rats modifies expression of nicotinic acetylcholine receptors (nAChRs) in medial prefrontal cortex (mPFC) in the short and/or long term, and whether this has functional consequences. Using receptor binding studies followed by immunoprecipitation of nAChR subunits, we showed that adolescent nicotine exposure, as compared with saline, caused an increase in mPFC nAChRs containing ␣4 or ␤2 subunits (24 and 18%, respectively) 24 h after the last injection. Nicotine exposure in adulthood had no such effect. This increase was transient and was not observed 5 wk following either adolescent or adult nicotine exposure. In line with increased nAChRs expression 1 d after adolescent nicotine exposure, we observed a 34% increase in amplitude of nicotine-induced spontaneous inhibitory postsynaptic currents in layer II/III mPFC pyramidal neurons. These effects were transient and specific, and observed only acutely after adolescent nicotine exposure, but not after 5 wk, and no changes were observed in adult-exposed animals. The acute nicotine-induced increase in ␣4␤2-containing receptors in adolescents interferes with the normal developmental decrease (37%) of these receptors from early adolescence ( 
in particular the medial prefrontal cortex (mPFC), continues to mature. Processes such as synaptic pruning and myelination are thought to continue until approximately the age of 20 in humans (6) . Similar behavioral and developmental changes occur in rats aged ϳ25-50 d [postnatal day (P) 25-50; ref. 7] . The increased sensitivity to nicotine in adolescents might be due to intrinsic developmental nicotinic receptor expression in the brain and/or the interaction of nicotine with receptor expression over time.
Nicotine acts on nicotinic acetylcholine receptors (nAChRs), belonging to the superfamily of cys-loop ligand-gated ion channels. Eleven nAChR subunits have so far been identified in mammals and are classified into 8 ␣ and 3 ␤ subunits (8) . The assembly of 5 subunits forms different subtypes that may be heteromeric (the most prevalent is ␣4␤2) or homomeric (mainly ␣7). The different receptor subtypes show substantial brain-region-specific expression (9) . It has been shown that high-dose chronic and intermittent nicotine exposure increases levels of high-affinity nicotinic receptors in adult humans and rodents (10 -14) . However, ␣7-type nAChRs are less prone to regulation, possibly because of their relative low affinity for nicotine (15) .
Nicotine administration during, but not following, adolescence has long-lasting effects on cognitive, addictive, and emotional behavior in rats (16 -19) . Furthermore, adolescent animals are more sensitive to nicotine-conditioned place preference than adults and show this at lower nicotine doses (20 -24) . Therefore, it is of interest to investigate whether these short-and long-term behavioral effects of adolescent nicotine exposure are caused by a differential regulation of nicotinic receptors following adolescent nicotine exposure.
Previous studies have shown that adolescent nicotine exposure leads to acute and longer-lasting changes in nAChR binding (25, 26) and function (20) in brain regions such as cortex and striatum. In this study, we investigate the short-and long-term aspects of nAChR expression and function in the mPFC following a nicotine exposure regimen that we previously found to induce long-lasting cognitive deficits (17, 18) . The use of antibodies specific to the different nAChR subunits enables us to pinpoint whether the subunit composition of nAChRs changes following adolescent nicotine exposure. Because human imaging data suggest that primary cortical areas mature before cortical association areas (27) , we studied the mPFC, which is believed to continue developing during adolescence and is relevant for the behavioral effects of nicotine, and the occipital cortex, which contains the primary visual cortex, whose development is thought to be completed by adolescence. We used radioactive ligands to bind the different receptor subtypes and antibodies specific for the different nAChR subunits to determine the nicotine-induced regulation of nAChR subtype expression by means of immunoprecipitation experiments. Finally, we examined the functional consequences of nicotineinduced adolescent nAChR up-regulation on nicotinemediated augmentation of spontaneous inhibitory transmission in the mPFC.
MATERIALS AND METHODS

Animals
Timed pregnant Wistar female rats arrived at 5 d of gestation (Harlan, Horst, The Netherlands) and were housed individually in Macrolon cages under standard conditions and a reversed day-night cycle (lights on 7 PM-7 AM). On delivery, litters were culled to 8 pups/mother and preferably consisted of males only, but only occasionally were matched with females. At P21, animals were weaned and housed 2 rats/ cage. Only males were used in these experiments. The experiments were approved by the Animal Users Care Committee of Vrije Universiteit (Amsterdam, The Netherlands).
Nicotine exposure
Animals were injected subcutaneously with either nicotine (0.4 mg/kg, calculated as the base ([Ϫ]nicotine hydrogen tartrate salt; Sigma-Aldrich, St. Louis, MO, USA) or saline 3ϫ/d (10 AM, 1 PM, and 3 PM) for 10 d (nϭ10 animals/ group). A second control group consisted of animals that were not injected, but handled once a week. Nicotine was administered from P34 to P43 (adolescence) or P60 to P69 (adulthood). Saline and no-injection controls were littermates of nicotine-exposed animals in both age groups. Animals were decapitated without anesthesia by an experienced technician on P34 (before nicotine exposure), on the first day of withdrawal (P44/P70) and 5 wk following nicotine exposure (P78/P104). Following decapitation, the brains were removed and quickly frozen in ice-cold isopentane before storage (Ϫ80°C). For measurement of plasma nicotine and cotinine levels, 2 different groups of animals (nϭ8/group, adolescent and adult animals) were injected with nicotine and decapitated at 3 time points: 30 min following the first injection (P34/P60; 10:30 AM), 30 min following the third injection (P34/P60; 3:30 PM), and at the first withdrawal day (P44/P70). Following decapitation, trunk blood was collected and centrifuged at 600 g for 10 min to obtain plasma.
Plasma nicotine and cotinine levels
Extraction procedure
Extraction of nicotine and cotinine was done as described by O'Dell et al. (28) with slight modifications. In short, 100 l of heparinized plasma was spiked with 2-phenylimidazole to verify extraction efficiency. To this, 20 l of 20% NaOH was added, before 400 l of tert-butyl methyl ether was added. After vortexing and centrifugation at 10,000 g (3 min), the organic phase was transferred to a new tube. The extraction was repeated with 200 l tert-butyl methyl ether. Then MgSO 4 was added to pellet any remaining proteins. Following vortexing and centrifugation, the aqueous phase was transferred to a new tube and evaporated to dryness under a gentle stream of nitrogen. The lyophilized samples were reconstituted in 25 l mobile phase (acetonintrile/methanol/10 mM ammonium acetate, 53:32:15, v/v/v).
Liquid chromatography-electrospray ionization mass spectrometry (LC-ESI/MS)
A Shimadzu LC system of 2 pumps (LC-10ADvp), autosampler (SIL-10ADvp), system controller (SCL-10Avp), and degassing unit (DGU-14A; Shimadzu USA, Canby, OR, USA), was coupled to a Bruker micro-TOF-Q instrument (Bruker Daltonics, Bremen, Germany) equipped with an ESI source. Each LC separation lasted 15 min with a gradient:linear gradient (0% B to 100% B, 7 min), 3 min 100% B, and 5 min equilibration at 0% B, where A is 2 mM ammonium acetate (pH 6.8), and B is MeOH (flow rate 150 l/min). For all separations, an XTerra MS C18 column was used (2.1ϫ50 mm, 2.5 m particle size). Positive-mode electrospray was performed at spray voltage 4.5 kV. Scanning was performed over an m/z range from 50 to 3000 Da. The instrument was calibrated by infusing 5 mM sodium formate in 50% MeOH with 0.1% FA at flow rate of 4 l/min. The data were analyzed with Data Analysis 4.0 software (Bruker Daltonics).
Antibody production and characterization
The subunit-specific polyclonal antibodies were produced in rabbits against peptides derived from the C-terminal and/or intracytoplasmic loop regions of the rat, human, or mouse subunit sequences and affinity purified as described previously (29) . Two different peptides were chosen for all of the subunits: one located in the cytoplasmic loop between M3 and M4 (CYT), and the other located at the COOH-terminal (COOH). The antibodies raised against the peptides were purified on an affinity column made by coupling the corresponding peptide to cyanogen bromide-activated Sepharose 4B (Pharmacia, Uppsala, Sweden) according to the manufacturer's instructions. Antibody specificity was checked by means of quantitative immunoprecipitation or immunopurification experiments using nAChRs from different areas of the CNS of wild-type ␣4, ␣5, ␣6, ␤2, ␤3, and ␤4 (ϩ/ϩ) and null mutant (Ϫ/Ϫ) mice, which allowed selection of antibodies specific for the subunit of interest, and assessing the immunoprecipitation capacity of each antibody. For full characterization of nAChR subunit antibodies, see Supplemental Table 1 in Grady et al. (29) .
Preparation of membranes and 2% Triton X-100 extracts
The mPFC (infralimbic and prelimbic cortex) and caudal (occipital) cortex were removed freehand at Ϫ20°C from 1-mm-thick slices. Dissected material was stored at Ϫ80°C until further use. In every experiment, tissue from 2 rats (0.04 -0.05 g) from each experimental group was pooled and homogenized in 10 ml of 50 mM Na phosphate (pH 7.4), 1 M NaCl, 2 mM EDTA, 2 mM EGTA, and 2 mM PMSF using a potter homogenizer, and homogenates were diluted and centrifuged at 60,000 g (1 h). Total membrane homogenization, dilution, and centrifugation procedures were repeated, after which the cell membrane-enriched pellets were collected; rapidly rinsed with 50 mM TrisHCl (pH 7), 120 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2.5 mM CaCl 2 , and 2 mM PMSF; and resuspended in the same buffer containing a mixture of 20 g/ml of each of the following protease inhibitors: leupeptin, bestatin, pepstatin A, and aprotinin. Triton X-100, at a final concentration of 2%, was added to the washed membranes to extract membrane receptors and was incubated at 4°C (2 h). The extracts were centrifuged at 60,000 g (1.5 h) and recovered. An aliquot of the supernatants was collected for protein measurement (BCA protein assay; Pierce, Rockford, IL, USA) with bovine serum albumin as standard.
Binding studies
I-␣-bungarotoxin ( I-␣Bgt)
125 I-␣Bgt (specific activity 200 Ci/mmol; PerkinElmer, Boston, MA, USA) binding experiments were performed by overnight incubation of mPFC and occipital cortex membranes dissolved in 50 mM Na phosphate (pH 7.4), 1 M NaCl, 2 mM EDTA, 2 mM EGTA, and 2 mM PMSF in a final volume of 100 l containing a saturating concentration (5 nM) of 125 I-␣Bgt at 20°C and 2 mg/ml bovine serum albumin. Nonspecific binding was determined in parallel by means of incubation in the presence of 1 M unlabeled ␣-bungarotoxin. After incubation, the samples were filtered on GFC filters presoaked in polyethylenimine through a harvester apparatus, and the bound radioactivity was directly counted in a ␥ counter.
H-epibatidine ( H-Epi)
To ensure that the ␣7-containing receptor subtypes did not contribute to 3 H-Epi (specific activity 50 -66 Ci/mmol; GE Healthcare, Little Chalfont, UK) binding to solubilized receptors (30) , the binding in the extract and immunoprecipitation experiments was performed in the presence of 2 M 125 I-␣Bgt, which specifically binds to ␣7*-nAChRs (and thus prevents 3 H-Epi binding to these sites). Binding to the 2% Triton X-100 extracts from mPFC or occipital cortex was carried out overnight by incubating aliquots of extracts with 2 nM 3 H-Epi at 4°C. Nonspecific binding (on average 5-10% of total binding) was determined in parallel samples containing 100 nM unlabeled epibatidine. After incubation, the extracts were diluted to 200 l with H 2 O and applied to a 500 l DE52 ion-exchange resin (Whatman, Maidstone, UK). After being washed with 10 ml of wash buffer (10 mM Na phosphate, pH 7.4; 50 mM NaCl; and 0.1% Triton X-100) to remove unbound 3 H-Epi, the bound receptors were eluted with 2 ml of 1 N NaOH and, after addition of 10 ml of the liquid scintillation Filter-Count solution (PerkinElmer), counted in a ␤ counter.
Immunoprecipitation of 3 H-Epi-labeled receptors by subunit-specific antibodies
Tissue extracts (100 l) were preincubated with 2 M 125 I␣Bgt, labeled with 2 nM 3 H-Epi, and incubated overnight with a saturating concentration (20 g) of anti-subunit-specific affinity-purified IgG produced and characterized by us (see Grady et al., ref. 29) .
The immunoprecipitation was recovered by incubating samples with beads containing bound goat anti-rabbit IgG (Technogenetics, Milan, Italy). The beads were washed with 10 ml of 10 mM Na phosphate (pH 7.4), 50 mM NaCl, and 0.1% Triton X-100 to remove unbound 3 H-Epi, and the bound receptors were eluted with 2 N NaOH and counted in a ␤ counter.
The level of antibody immunoprecipitation was expressed as percentage of 3 H-Epi-labeled receptors immunoprecipitated by antibodies (taking the amount present in the Triton X-100 extracted solution before immunoprecipitation as 100%) or as femtomoles of immunoprecipitated receptors per milligram of protein.
Nicotine-induced changes in synaptic transmission
Adolescent (nϭ34) and adult (nϭ24) rats were exposed to nicotine or saline as described above and used for recording of nicotine-induced (10 M, bath application) spontaneous and miniature inhibitory postsynaptic currents (sIPSCs and mIPSCs), the latter in the presence of tetradotoxin (TTX). After 1 d (acute effect) or 5 to 6 wk (long-term effect) following nicotine exposure, rats were decapitated, and brains were rapidly removed and put in ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM) 3. Coronal mPFC slices of 300 m thickness were prepared in the same sucrose-containing ACSF and then stored in holding chambers containing normal ACSF consisting of (in mM) 125 NaCl, 3 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , 1 CaCl 2 , 26 NaHCO 3 , and 10 glucose, bubbled with carbogen gas (95% O 2 /5% CO 2 ). Pyramidal neurons in layer II/III in the mPFC were visualized using differential interference contrast microscopy, and whole-cell recordings from pyramidal neurons were made using Multiclamp 700B amplifier (Molecular Devices/ Axon Instruments, Sunnyvale, CA, USA), digitized by the pClamp software (Molecular Devices/Axon Instruments), and later analyzed offline using Synaptosoft (Delaware, GA, USA) software. To record GABAergic activity at resting membrane potential (Ϫ70 mV), pipette medium contained elevated chloride concentration (in mM): 65 K gluconate, 70 KCl; 8 NaCl, 2 MgATP, 10 phosphocreatine, 0.2 EGTA, 10 HEPES, 0.3 Tris GTP, and 1 QX 314-Cl. Recordings were made (32°C) in the presence of 6,7-dinitroquinoxaline-2,3-dione to block glutamatergic currents measuring at baseline (7 min), nicotine wash-in (10 M; 3 min), and wash-out (7 min). For estimation of the nicotine effect, average sIPSC frequency or amplitude was taken at the peak (last minute of nicotine wash-in and first minute of nicotine washout) and normalized to the last 5 min of baseline recording.
Statistical analyses
Data from plasma nicotine and cotinine measurements were subjected to univariate ANOVA with age of pretreatment (adolescent, adult) and time point as between-subject variables using SPSS 16 (SPSS Inc., Chicago, IL, USA). Developmental data on nAChR expression were subjected to a nonparametric ordered Jonckheere-Terpstra test due to unequal variance per brain region (Levene's test). Due to their normal distribution, nicotine-dependent regulation of nAChR expression was analyzed by univariate factorial ANOVAs with age of treatment, time point after exposure, brain region, and treatment as between-subject variables. In case of statistically significant main effects and interactions, further breakdown in factors was performed, ultimately followed by post hoc comparisons (Student-Newman-Keuls tests). Due to independent data sets from electrophysiological experiments with different setups, data were analyzed separately for age and time using Student's t test with nicotine and saline treatment as factors. For cumulative frequencies, a Kolmogorov-Smirnov (K-S) test was performed. The level of probability for statistically significant effects was set at 0.05. All data are displayed as mean values Ϯ se. The effect size in terms of percentage change is calculated as the subtraction of the value from the normalized (vs. saline) nicotine sample minus the value of the saline sample.
RESULTS
Plasma nicotine levels
The circulating levels of nicotine and its major metabolite cotinine were measured in plasma of adolescent and adult rats at 3 different time points after nicotine administration (Fig. 1) . A single injection of a relatively high dose of nicotine led to plasma nicotine levels of 46.8 Ϯ 3.1 ng/ml in adolescent animals and 60.9 Ϯ 5.2 ng/ml in adults half an hour after the injection (Pϭ0.04; Fig. 1 ). These levels are comparable with those observed in human smokers (4 to 72 ng/ml) that smoke about a pack of cigarettes a day (31) . Repeated nicotine injections led to a slight increase in peak levels in both treatment groups ( Fig. 1A ; time point F [2, 38] ϭ64.15, PϽ0.001), which has also been observed in human smokers (32, 33) . Our administration protocol therefore reflects the circulating dose of nicotine in human smokers.
Overall, plasma nicotine levels were slightly but significantly higher in adult animals injected with the same concentration of nicotine relative to their bodyweight compared with adolescents ( Fig. 1A; Cotinine has a longer half-life than nicotine and therefore accumulates after repeated injections of nicotine, as was observed in both groups. Post hoc analysis of the effect of age ϫ time point (F [2,42]ϭ3.52, Pϭ0.039) does not reveal significant differences between groups at the 2 time points during treatment regimen; only for the first time point a trend (Pϭ0.064 adolescent vs. adult at N1.1) toward higher plasma levels was observed. On the first day of withdrawal, when nicotine was completely cleared from the plasma, the adolescent animals had lower cotinine levels than the adult animals (Pϭ0.007), suggestive of a higher clearance of cotinine in adolescent animals.
H-epibatidine binding to receptors
Epibatidine is a high-affinity ligand of heteromeric nAChRs. To investigate nAChR expression during late postnatal development, we performed binding studies Figure 1 . Plasma nicotine and cotinine levels during and after nicotine exposure. Plasma nicotine (A) and cotinine levels (B) in animals (nϭ8) exposed during adolescence (gray) or adulthood (black). Blood was collected 30 min after the first injection (N1.1), 30 min after the third injection on the same day (N1.3), and on the first day of withdrawal in the morning (W1). *P Ͻ 0.05, **P Ͻ 0.01 vs. adult animals. using 3 H-Epi on 2% Triton X-100 extracted membranes from mPFC and occipital cortex, from animals ranging in age from early adolescence (P34) to adulthood (P104). Between P34 and P104, there was an almost linear decrease in nAChR levels ( 3 H-Epi binding) in the mPFC (Supplemental Fig. S1 ; age, PϽ0.001), but not in the occipital cortex (age, n.s.). Epibatidine binds to all high-affinity heteromeric nicotinic receptors, of which ␣4 and ␤2 are the most commonly expressed subtypes Using immunoprecipitation experiments with antibodies (29) specific to the most abundant nicotinic receptor subunits ␣4, ␣5, and ␤2, we found that both ␣4 and ␤2 but not ␣5 subunits were down-regulated with age specifically in the mPFC (␣4, Pϭ0.03; ␤2, Pϭ0.027), suggesting a specific down-regulation of ␣4␤2-containing receptors.
To determine whether nicotine has a differential effect on the expression of nAChRs when administered during adolescence or adulthood, we examined the mPFC and occipital cortex of animals on the first withdrawal day and 5 wk following 10 d of repeated nicotine injections (3ϫ/d), and we observed altered 3 10 ), but no effect of treatment and no interaction (Pϭ0.43 and 0.21, respectively; Table 1 ).
In summary, in the mPFC, the effect of age was apparent with increased 3 H-Epi binding due to nicotine treatment, in the absence of an effect due to Fig. 2A) .
H-Epi-labeled nAChR subunit composition in mPFC
To determine whether the increased 3 H-Epi binding in the mPFC acutely after nicotine exposure was due to the up-regulation of ␣4␤2* nAChRs in adolescent animals, we performed immunoprecipitation experiments in the mPFC. Only for the ␣4 and ␤2 subunits, but not other subunits, such as ␣5, did we find a significant increase in expression due to nicotine (␣4-containing nAChRs, adolescent nicotine vs. saline, Pϭ0.018; ␤2-containing nAChRs, adolescent nicotine vs. saline, Pϭ0.030; Fig. 2B ). We confirmed that this effect was absent in adult animals, and long after nicotine exposure ( Table 2) . 17 , Pϭ0.051) in the occipital cortex, but again no effect of treatment and no interactions. Therefore, we concluded that nicotine during adolescence does not affect the regulation of ␣7 receptors in cortical areas. Values represent mean Ϯ se levels of radiolabeled nAChR protein ( 3 H-Epi or 125 I-␣Bgt binding sites, fmol/mg protein) for each treatment (Nic, nicotine; Sal, saline; Con, control) and age group (P44, P70, P78, P104) for animals (nϭ4 -6 pools of 2 animals) exposed to nicotine during adolescence or during adulthood directly 1 d after exposure (P44, P70) or after 5 wk of abstinence (P78, P104). ANOVA did not detect significant effects (PϽ0.05) of age, treatment, or an interaction for the occipital cortex samples.
I-␣Bgt binding
Nicotine modulation of synaptic transmission in mPFC pyramidal neurons
Next, we investigated whether increased expression of ␣4␤2-containing nAChRs in adolescent nicotine-exposed animals had functional consequences for synaptic transmission in the mPFC. Unlike prefrontal cortical layer V, in which nicotine increases inhibitory and excitatory inputs on pyramidal neurons expressed on thalamocortical projections (34, 35) , prefrontal cortex layer II/III shows no nicotine-induced increase in excitatory transmission, but nicotine rather augments Values represent mean Ϯ se levels of nAChRs (fmol immunoprecipitated receptors/mg protein; see Grady et al., ref. 29) for each treatment (Nic, nicotine; Sal, saline; Con, control) and age group (P44, P70, P78, P104) for animals (nϭ4 -8 pools of 2 animals) exposed to nicotine during adolescence or during adulthood directly 1 d after exposure (P44, P70) or after 5 wk of abstinence (P78, P104). ND, not detected above background. *P Ͻ 0.05 vs. saline and control. subunit that substantially contributes to mPFC nAChRs is not changed. Data for the ␣2 and ␣6 subunits are indicated in gray, as they were not detected above background (see Table 2 ). *P Ͻ 0.05, ***P Ͻ 0.001 vs. saline control.
GABAergic synaptic transmission (ref. 34 and Fig. 3C-D) . Nicotinic receptors are expressed by interneurons already in 2-3-wk-old mice (34) . To investigate whether nicotine by itself increases spontaneous inhibitory activity in layer II/III of the mPFC of adult animals, we applied nicotine (10 M) to mPFC slices of saline-treated adolescent animals 1 d after exposure. Nicotine increased frequency (PϽ0.001; nicotine peakϭ528.9Ϯ76%, baselineϭ101.9Ϯ 2.5%) and amplitudes (Pϭ0.003; nicotine peakϭ126.8Ϯ 8.1%, baselineϭ99.9Ϯ1.5%) of sIPSCs measured in pyramidal neurons in layer II/III (Fig. 3A-D) . Nicotine had no effect on sIPSC frequency or amplitude when TTX was bath applied during the recording (1 M; Fig. 3C, D) , showing that nicotine effects in mPFC rely on firing of inhibitory neurons. The increase in sIPSC frequency reflects a larger number of spontaneous spikes, whereas the rise in sIPSC amplitude probably reflects a larger number of simultaneously occurring events. We then asked whether the observed increase in ␣4␤2-containing nAChRs acutely after nicotine exposure during adolescence in the mPFC had functional consequences and was paralleled by increased sensitivity to a nicotine challenge. We bath applied nicotine (10 M) to mPFC slices of animals 1 d following adolescent nicotine or saline exposure, and measured spontaneous inhibitory activity. Nicotine-mediated enhancement of sIPSC frequency and amplitude was more pronounced in animals exposed to nicotine than in saline controls. Nicotine had a greater effect on sIPSC amplitude (Pϭ0.026; nicotine effect in nicotinetreated animalsϭ170.0Ϯ18.1%; nicotine effect in saline-treated animalsϭ126.8Ϯ8.1%) and shifted the cumulative distribution to larger events ( Fig. 3E, F; K-S test, Zϭ1.5, Pϭ0.02). As a separate control experiment, we exposed animals to nicotine as adults. This group did not show any changes in sIPSC amplitude (Supplemental Fig. S2 ). Prior nicotine exposure had no effect on nicotine-induced changes in frequency of sIPSCs in any of the pretreatment groups (Fig. 3F, Supplemental  Fig. S2 ). This is probably due to an already saturating effect of nicotine on sIPSC frequency (in some cases Ͼ10-fold increase) so that further increase in firing can only lead to more simultaneous events (higher sIPSC amplitude). Furthermore, as an additional control, we repeated these experiments, but then measured the nicotine-mediated enhancement of sIPSC frequency and amplitude 5 wk following nicotine exposure, a time point at which nicotine had no further effect on the number of membrane nAChRs as shown by unchanged levels in 3 H-Epi binding (Fig. 2) . Indeed, there was no difference in the nicotine-induced changes in sIPSC amplitude 5 wk after nicotine exposure in adolescentor adult-treated animals (Supplemental Fig. S3 ).
The increase in ␣4␤2-containing nAChRs at 1 d, but not 5 wk, after nicotine exposure during adolescence (but not adulthood) is therefore paralleled by increased interneuron sensitivity to nicotine and leads to increased nicotine-induced firing in the inhibitory circuitry of the mPFC.
DISCUSSION
The current findings demonstrate that adolescents are more sensitive to nicotinic receptor up-regulation in the mPFC than adults. First, we showed that subcutaneous injections of nicotine (0.4 mg/kg) lead to plasma nicotine levels that are comparable with those observed in human smokers (31) . We observed that naive rats show an age-related decrease in 3 H-Epi-labeled highaffinity nicotinic receptors in the mPFC, but not in occipital cortex. Furthermore, adolescent but not adult nicotine exposure increases 3 H-Epi binding of mPFC receptors on the first day of abstinence following 10 d of nicotine injections. This is paralleled by an mPFCspecific increase in expression of nAChRs containing ␣4 and ␤2 (but not ␣5) subunits that is transient in nature, as it is not observed 5 wk later. The increased expression of high-affinity nAChRs in adolescents is accompanied by an increase in nicotine-stimulated GABAergic transmission in the mPFC.
Treatment regimen
We have previously shown that subcutaneous injections of nicotine (0.4 mg/kg), 3ϫ/d for 10 d causes longterm decrements in attention and impulsivity, only when administered during adolescence (17, 18) Here we used the same dose and exposure regimen to study expression of nicotinic receptors. Nicotine injections lead to peak plasma nicotine levels that are more similar to those associated with smoking in (adolescent) humans (31) . Moreover, between injections, nicotine is entirely cleared from the plasma, thus leading to repeated activation of nAChRs.
The lower plasma nicotine levels observed in adolescent rats on the first day of nicotine exposure may be due to faster nicotine metabolism, because their plasma levels of cotinine (the active metabolite of nicotine) on the first day were slightly higher. It is known that adolescent rats metabolize nicotine more rapidly than adult rats (28) . In addition, adolescent rats had lower plasma cotinine levels than adults on the first day of withdrawal. This could be the cause of known differences in positive and negative effects of nicotine in adolescents compared with adults. To our knowledge, this is the first report comparing plasma nicotine levels in adolescent vs. adult rats following nicotine injections.
nAChRs during development
During postnatal development, there is a decrease in expression of 3 H-Epi-labeled nAChRs in rat mPFC that continues after adolescence. Although there is no developmental decline in ␣4 and ␤2 mRNA levels in the cortex, binding studies have shown that ␣4␤2 expression is higher in adolescents than in adults (25) . Developmental changes in surface expression of nAChRs are not regulated at the transcript level, but by post-translational mechanisms (36, 37) . This developmental decline in expression correlates with functional differences, as it has been shown that nicotine-stimulated 86 Rb ϩ efflux in frontal cortex peaks on P35, and then decreases at least until P63 (38) .
The developmental decrease in ␣4␤2 nAChR expression is selective to mPFC, as it was not observed in occipital cortex. This suggests developmental differences between primary and higher-order association cortex. The difference in regulation of nAChRs may reflect the different timing of maturation of these areas, as previously shown using proteomics experiments comparing mPFC and motorcortex (39) , and for human brain development using imaging studies (27) .
The decrease in expression of ␣4␤2 receptors progresses far beyond adolescence (Fig. 2 ). This has also been shown by means of ␣4 immunostaining of mouse hippocampus, in which expression of ␣4 decreases with age from young adults (2-4 mo of age) to very old mice (24 -28 mo of age) (40) .
nAChRs after nicotine exposure
Repeated or prolonged nicotine exposure increases the number of high-affinity (mainly ␣4␤2*) nicotine-binding sites, in heterologous systems (41, 42) , nicotinetreated animals (11, 12) , and in post mortem brains of smokers (ref. 10 ; for review, see ref. 43) . Our data showed that the up-regulation of nicotinic receptors depends on age and brain region. Although we used extracts of membrane-enriched fractions, we are confident that the up-regulated 3 H-Epi binding in mPFC due to adolescent nicotine exposure represents changes in number of nAChR, because the change is specific for mPFC and not occipital cortex; there is no difference in 125 I-␣Bgt binding, so there is a specificity to the observation; and we have previously reported that there are no gross differences in number of mPFC neurons or number of synapses due to development (39) . Furthermore, we confirmed that the increase in 3 H-Epi-binding at 1 d after adolescent nicotine exposure was attributable to an increase in ␣4-and ␤2-containing receptors by subunit-specific immunoprecipitation. This age effect cannot be caused by higher plasma nicotine in adolescent rats, as our paradigm even caused slightly higher plasma nicotine levels in adults, whereas this did not lead to increased mPFC binding. This perhaps surprising discrepancy with current literature (25, 44) can be explained by the fact that the level of nAChRs in most other reports was determined on the last day of nicotine treatment, whereas we measured it on the first day of withdrawal, to prevent interference with circulating levels of nicotine. Previously Doura et al. (25) found that adult nicotine exposure causes a larger up-regulation of nAChRs in the PFC and most of the brain than adolescent nicotine exposure. However, it should be noted that the use of osmotic minipumps in the study of Doura et al. (25) led to higher plasma nicotine levels (ϳ170 -310 ng/ml) than those observed in our animals (ϳ60 ng/ml), which makes it difficult to compare results. In addition, the acute nicotine effect was much larger in adults than in adolescents, thereby not explaining the increased sensitivity of adolescents for nicotine (25, 45) . Upregulated 3H-cystine binding, representing mainly a4b2* receptors, was found in the cerebral cortex of both adult (46) and adolescent (44) rats 2-3 d after the last exposure to nicotine using an osmotic minipump, although plasma nicotine levels were not reported. In comparison, we show that adolescents have a longerlasting and more pronounced up-regulation of mPFC nAChRs in response to an intermittent dosing regimen.
Functional consequences
Nicotinic receptors, to which both the endogenous ligand acetylcholine and nicotine bind, are important for cognitive functioning (47) . Despite its acute effects, our data showed that neither adolescent nor adult nicotine exposure have long-term effects on the expression of nAChRs, in accordance with findings of others (46) . The long-term effects of adolescent nicotine exposure on cognitive performance during adulthood (18) are therefore not directly caused by different nAChRs expression in the mPFC. However, the enhanced short-term up-regulation of high-affinity nAChRs in adolescent mPFC may have functional consequences and perhaps be the first step in a cascade of events leading to long-term adaptation of neuronal circuitry or other systemic effects.
Here we measured the functional consequences of altered numbers of nAChRs in the mPFC in an indirect way through nicotine-stimulated GABA release from GABAergic neurons and measuring GABA receptormediated responses in layer II/III pyramidal neurons. Thus, sIPSCs are used as a proxy to determine numbers of functional nAChRs, and most likely represent only a fraction of the total number of nAChRs in the mPFC. Nonetheless, this fraction represents an important functional contribution to nicotine effects in the PFC, due to the following reasons: nicotine has no effect on glutamatergic spontaneous transmission onto layer II/ III pyramidal neurons (unpublished data); the majority of interneurons express nAChRs that are composed of ␣4␤2*, although they also express other subunits (34) ; all sIPSC measurements were normalized to baseline, which eliminates any influence of possible changes in GABAergic tone with age; and since TTX completely blocks the effect of nicotine on sIPSCs, nAChRs must be located either on somas of interneurons or on the axons of GABAergic projections to PFC. Although there is no documented evidence that the latter exist anywhere in the brain, other than on glutamatergic projections, and we are unaware of any GABAergic projections from other brain regions into the PFC, this possibility cannot be excluded. Regardless of whether nAChRs are on axons of GABAergic projection neurons or PFC interneuron somas, these receptors would still be located within PFC slices in which long-range connections are cut. Thus, layer II/III nAChRs modulate GABAergic inputs onto pyramidal cells in PFC and are up-regulated by adolescent nicotine exposure.
Nicotinic receptors in the mPFC are localized presynaptically on glutamatergic and dopaminergic terminals, where they mediate glutamate (35, 48) and dopamine (49) release, respectively. In addition, different types of PFC interneurons in the mPFC express both ␣7 and ␣4␤2-containing nAChRs on their cell bodies (34) , and nAChR stimulation increases GABAergic transmission (34) . We observed increased nicotine-induced GABAergic transmission, and this increased inhibitory neurotransmission has major consequences for the neuronal network. In vitro, the nAChR-stimulated increase in GABAergic transmission prevents induction of LTP by 100 Hz stimulation for 1 s (50). In addition, nicotine in the mPFC changes the rules for spike-timing-dependent plasticity and thereby prevents synaptic potentiation (34) . This suggests that repeated nicotine exposure during adolescence, which increases the expression of ␣4␤2-containing nAChRs, might have more pronounced effects on information processing in the mPFC. In particular, the increased activity of interneurons enhances synchronous inhibitory neurotransmission and thus occludes plasticity events to a higher extent. At a system level, this might contribute to differences in the acute rewarding effects of nicotine, and might underlie the increased sensitivity of adolescents (5, 51) . In addition, an increase in inhibitory tone relates to higher rates of relapse to drug seeking (52) .
CONCLUSIONS
Our data show that adolescent but not adult nicotine exposure increases the expression of nAChRs containing ␣4 and ␤2 subunits, specifically and transiently in rat mPFC, and leads to a concomitant increase in nicotine-induced GABAergic transmission. Extending our findings to humans, the difference in basal nAChR expression between adolescents and adults might play a role in the initiation of smoking among adolescents, whereas the short-term increased expression of nAChRs following repeated nicotine may contribute to changing local neuronal network plasticity rules, thus leading to maintenance of smoking behavior and decreasing the likelihood of smoking cessation.
